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Power transformers are essential electrical power system devices. Using the principle
of electromagnetic induction, they can transfer electric energy between two otherwise
isolated circuits, as well as reduce or increase voltage levels without modifying the
frequency. This allows reduction of power losses when electric energy is transferred
between power plants and consumers. Because of their importance and widespread use,
transformers failures can have a severe economic impact due to the temporary interruption
of electric service.
The insulation design of power transformers is performed by considering the
maximum values of voltage or current to which the device will be exposed during operation.
Traditionally, this is done by analyzing the transformer behavior when a fast front voltage
excitation, emulating the characteristics of lightning or switching, is applied across one of its
terminals and ground. Due to the increase of electrical energy produced by renewable energy
sources to reduce the environmental impact of traditional fossil fuels, transformers are also
exposed to fast and repetitive voltage pulses created by power electronic converters used in
solar plants, wind farms, and other types of distributed energy resources (DERs). The
continuous exposure to these pulses can result in partial discharges, high electrical stresses,

heating, and premature aging of the transformer insulation system. For this reason, it
becomes necessary to develop new design techniques that consider these conditions to
improve the lifespan of electrical equipment and to assess its normal operation once
connected to the system.
In this dissertation, a procedure to find an optimized dielectric design of the
insulation system of a transformer subjected to fast front voltage pulses created by power
electronic converters is presented. The optimization procedure is based on the interaction
between three main elements: the Final Element Method, a frequency-domain distributedparameter winding model, and a single-objective optimization algorithm. To validate results,
values of dielectric stress before and after optimization for three simplified cast-resin
dry-type transformer winding configurations were compared: two-layer winding (Case 1),
three-layer winding (Case 2) and fourteen-layer winding (Case 3). The results show an
overall decrease of 3.32% and 12.73% of dielectric distances for cases 1 and 2, respectively;
and an overall increase of 29.14% for Case 3; nevertheless, in all cases the optimization
process ensured that the values of dielectric strength for the insulation materials were never
surpassed, which substantially lessens the possibility of premature damage or failure of the
device due to dielectric breakdown when compared to non-optimized designs.
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1. INTRODUCTION
1.1. Background
Transformers are essential elements of an electrical system since they facilitate the
efficient transmission of electric energy generated in power plants and its distribution to
consumers by raising or lowering voltage, respectively. Failure of a single unit can result in
temporary service interruption and considerable costs [1]. Among the main causes of power
transformer failures, electrical disturbances such as switching surges, voltage peaks, line
faults/flashovers, and lightning, which correspond to electromagnetic transient phenomena,
are responsible for 41 percent of the total amount of failures, as shown in Figure 1.1. This
chart is based on the examination of historical insurance claims for various utility type
transformers during a 20-year period [1], [2].

3% 2%
4%
4%
Electrical disturbances

4%

Other
28%
6%

Lightning
Insulation
Electrical Connection
Overload

9%

Foreign Objects
Moisture
13%

Line Disturbance
27%

Stress or Fatigue

Figure 1.1 Causes of transformer failure between 1991 and 2010 (as a percentage of total failures).
Directly from [2].
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An electromagnetic transient occurs when a sudden change in a system condition is
produced. Although the time of a transient is usually very short, its analysis is essential since
during this period the system components are exposed to very large stresses from excessive
voltages or currents, which can result in damage [3]. This is extremely important for the
design stage of transformer windings since this is one of the components with the highest
rate of dielectric failure in the insulation system, as can be seen in Figure 1.2 [4].

Tank
6%

Core
5%

Auxiliary
5%
Onload tap
changers
40%

Bushing
14%

Winding
30%
Figure 1.2 Defective components of power transformers according to a CIGRE international survey.
Directly from [4].

Performing a reliable analysis of electromagnetic transients requires an accurate
representation of the electrical components of the system. Although it is desirable to develop
valid models for the complete frequency range, this could become a daunting task [5], [6].
Alternatively, the representation of components can be achieved by mathematical models
that are accurate for a frequency range that represents the phenomenon under study.
One of the most accepted classifications regarding electromagnetic transients in power
systems is one proposed by the International Electrotechnical Commission (IEC) and the
International Council on Large Electric Systems (CIGRE, from its acronym in French), in
which the ranges are classified into four groups: low frequency oscillations, from 0.1 Hz to 3
2

kHz; slow-front surges, from 50/60 Hz to 20 kHz; fast-front surges, from 10 kHz to 3 MHz;
and very fast front surges, from 100 kHz to 50 MHz [7]. The proper selection of a model can
be a difficult task as the frequency ranges of the study to be performed are usually not
known. This issue can be overcome by looking into widely accepted classification tables of
transient phenomena based on origin, such as the one shown in Table 1.1 [5].
Table 1.1 Origin and frequency ranges of transients in power systems [5].

Origin

Frequency range

Ferroresonance
0.1 Hz to 1 kHz
Load rejection
0.1 Hz to 3 kHz
Fault clearing
50 Hz to 3 kHz
Line switching
50 Hz to 20 kHz
Transient recovery voltages
50 Hz to 100 kHz
Lightning overvoltages
10 kHz to 3 MHz
Disconnector switching in Gas Insulated Substations 100 kHz a 50 MHz

1.2. Problem Statement
For decades, power electronic converters were mainly used in low to medium voltage
applications for the speed control of motors. The utilization of these technologies led to
investigations on the effects of continuous exposure of dielectric materials to fast and
repetitive voltage pulses created by converters including high electrical stresses, partial
discharges, and heating, which cause premature insulation aging [8], [9], [10], [11]. Although
most of these studies have been focused primarily on motor windings, it has been observed
that similar effects are produced in transformer windings, particularly those installed in
solar power plants, wind farms, HVDC substations, and other applications that include the
use of high-power converters [12], [13]. Several researchers have studied the dielectric
stresses produced by power electronic converters, the effects they have on the transformer
insulation materials, and how to reduce them [14], [15], [16], [17].

3

1.3. Significance
The constantly growing population and corresponding increase of electrical energy
consumption have driven the creation of more complex and heavily loaded electrical power
systems. Reliability of such systems—i.e., supplying uninterrupted electric energy within
accepted quality standards—depends on the condition of its infrastructure and thus, all the
electrical devices and equipment must work in acceptable conditions.
There has been an increase in electrical energy produced by renewable energy sources
to reduce the environmental impact of traditional fossil fueled sources. This trend and
accelerated improvements in the power electronics field have greatly expanded the use of
power converters from the speed control of motors to transmission and distribution
applications within electric power systems [18].
Traditionally, the insulation system of transformers is designed to withstand lightning
and switching impulse tests, as the occurrence of these fast-front electromagnetic transients
generates voltage magnitudes that can greatly exceed the rated values of a normally
operating AC system, as well as producing very high dielectric stresses [19], [20]. However,
the repetitive pulses produced by power electronic converters, and the effects they produce,
demand the development of new design techniques to improve the lifespan of electrical
equipment and to preserve its normal operation condition once connected to the system.

1.4. Research Objective
The objective of this work is to demonstrate that the current insulation design of
transformers subjected to fast front pulses from power electronic converters can be
effectively optimized by means of the synergistic combination of a single-objective
optimization tool, finite element analysis, and a high-frequency modeling approach.

4

1.5. Literature Review
Numerous articles have proposed design procedures for the transformer [21]. Some of
them are focused on the overall reduction of manufacturing costs or operating cost
minimization, while others are dedicated to a single characteristic: no-load losses, load
losses, leakage field and short-circuit impedance, inrush current, noise, insulation, cooling,
etc. For the insulation system design, previously proposed methods calculate the transient
voltage response produced by the standard impulse test considering a lumped-parameter
model representation of the transformer windings to calculate the electric field values using
a FEM based software; however, none of them consider fast and repetitive voltages pulses
produced by power electronic converters to address the design optimization problem. Some
investigations relevant to this work are mentioned below.
In 2004, Schmidt and Hamberger [22] performed the optimization of the transformer
winding support, core clamping system and tank wall shape. The authors used 3D FEM
calculations to reduce the amount of partial discharges in the upper and lower winding
supports; the results are evaluated for two different designs of the tank wall and with
variations in the permittivities of the insulation materials according to possible production
tolerances. The results of their investigations highlight the importance of employing detailed
3D models to obtain accurate results which can improve the design and optimization of
power transformers.
In 2006, Elia et al. [23] applied an optimization procedure based on genetic algorithms
for the design of a cast-resin distribution transformer. To avoid a computationally expensive
problem, the proposed method does not use numerical techniques for the determination of
machine parameters. The heights of the two windings and the radial dimension of the core
are established as the design variables, and a cost-functional mixed type objective function
is used to verify transformer specifications—losses, weight, core induction and short circuit
voltage. The results demonstrate the advantages of using an optimization technique such as
genetic algorithms to improve transformer design.
5

In 2008, Khaligh and Vakilian [24] proposed a method for the internal insulation design
of the transformer. The method divides the winding into several blocks, each one made of
several coils. Then, the transient voltage distribution inside the transformer winding is
calculated using a lumped parameter model in which insulation losses, eddy currents, skin
effect, proximity effect and resistivity of conductors are considered. After that, boundary
conditions are applied to the blocks using the computed voltages and a 2D axisymmetric FEM
configuration is used to perform an electric field analysis inside the transformer; the results
are compared to permissible values for each dielectric material. If the electric field values do
not comply with the permissive values, some changes are made to the design such as adding
different insulation levels and/or improving the shape of insulators, and the process is
repeated until the requirements are satisfied. The method is verified by evaluating the
distribution of electric field intensity along a defined path within a power transformer for
three different configurations of the insulation system: insulation without electrostatic rings,
insulation with electrostatic rings and insulation with circular edges. It is concluded that
employing electrostatic rings with improved shapes reduces the maximum electric field and
makes its distribution more uniform.
In 2010, Lopez-Fernandez et al. [25] presented a methodology for the design of a
transformer insulation system subjected to fast transient voltages. The transient voltage
distribution along the winding is calculated using a lumped parameter model; then, the
voltage drops between adjacent turns and between adjacent disks are calculated at each step
of the simulation to verify that the maximum electric field value is lower than the dielectric
strength of the insulation material. To lessen the computational cost and simulation time, the
analysis focusses on the instant of time when the maximum voltage drop between adjacent
turns is produced. The voltages obtained are set as boundary conditions for a FEM 2D
axisymmetric simulation of the transformer to verify that the values of electric field intensity
in the design are lower than the permissible values and, in such case, approve the insulation
system.

6

In 2011, Ziomek et al. [26] provided a general description of the insulation design and
optimization of high voltage power transformers. The process includes the use of a FEM
analysis program to produce a detailed model of the insulation system and to obtain an
accurate prediction to the dielectric stresses produced by transient voltages. Three criteria
are considered in the analysis: the maximum local stresses at the surface of an insulated or
uninsulated electrode, the stresses along the oil gaps, and the stresses along the solid
insulation. Results obtained from these computations are compared to industry accepted
dielectric withstand curves. The optimization design involves an iterative process in which
solid insulation barriers are added, omitted or rearranged until a balance between minimum
dielectric clearances and solid insulation components is achieved.
In 2014, Amoiralis et al. [27] compared the application of two deterministic and three
non-deterministic or stochastic algorithms for the design optimization of four three-phase
transformers with different power ratings. The objective function aims to minimize the cost
of the transformers considering the unit cost and weight of eight materials—primary
winding material, secondary winding material, magnetic material, insulating liquid,
insulating paper, duct strips, tank sheet steel and corrugated panel material—defined by
four design variables: number of LV turns, magnetic induction magnitude, width of the core
leg, and core window height. It is noted that stochastic algorithms fail to provide a global
optimum since different runs may result in different suboptimal solutions; in contrast,
deterministic algorithms are able to find the global minimum, but by performing an
exhaustive search. Furthermore, according to the authors, despite the effort to find the most
economic design with respect to several mechanical and electrical constraints,
manufacturing companies prefer to use a design relatively close to the optimal solution for
its construction; this indicates that cost is not the only factor to consider, but also the
transformer specifications. For that reason, the deterministic algorithms are important since
they can store several optimal designs with different technical specifications.
In 2018, Rodriguez-Ignacio et al. [28] proposed a methodology for the optimization of
power transformer insulation system structures based on an optimization algorithm linked
7

to a FEM simulation program. The procedure is divided in two stages: the first stage provides
an approximation to a candidate solution by analytically calculating the electric field; the
second stage uses the material properties, the boundary conditions and the voltage sources
of the candidate solution and performs a 2D FEM analysis to compute the electrical stress in
the insulation system structures. The validity of the results is measured by means of a safety
margin, which is calculated as the relation between the admissible dielectric strength and
the average electrical stress calculated along an element of the insulation system.

1.6. Thesis Structure
The dissertation is structured as follows:
▪

Chapter I: Introduction

▪

Chapter II: Insulation Design Optimization

▪

Chapter III: Test Cases

▪

Chapter IV: Results and Analysis

▪

Chapter V: Conclusions and Future Work

8

2. INSULATION DESIGN OPTIMIZATION
In this section, a complete description of the optimization process implemented as part
of this dissertation is provided. The process aims to improve the insulation design of power
transformers when subjected to fast-front pulses by reducing the dielectric distances
between elements while complying with the dielectric strength of the insulation materials.
Each step is described in the order in which it is executed during the process along with the
corresponding theoretical background for its implementation; this is intended to provide a
basic notion of how the optimization process flows from beginning to end.
The optimization process, illustrated by means of the block diagram shown in Figure 2.1,
relies on the interaction between three main elements: a FEM simulation to calculate the
parameters of the transformer winding and the dielectric stress distribution inside the
transformer, a frequency-domain distributed-parameter winding model to determine the
transient response generated by fast voltage pulses, and an optimization algorithm to
estimate the new geometrical configuration of the insulation system of the transformer.
Blocks with different line colors indicate the main processes executed by the optimization
procedure: Geometrical Configuration and Parameter Computation (red), Computation of
the Transient Voltage Response (green), Calculation of the Maximum Electric Stresses (blue),
Application of the Optimization Algorithm (orange) and Iterative Procedure (Magenta).

2.1. Geometrical Configuration and Parameter Computation
Since not every characteristic of the transformer plays an important part in all
transients, Table 2.1 shows commonly used modeling guidelines. As can be seen, very fastfront transients require accurate representation of all capacitances: to ground, between
windings, inter-sections and inter-turns [29], [30]. Inductive and loss components are also
important to consider for predicting the transient oscillations and damping when the
winding is subjected to a fast front excitation [29].
9

START

Transformer
geometrical
dimensions

Optimization
algorithm setup
(xl, x0(k))

Transformer configuration
setup

2D Electrostatics
simulations setup
VI(t),VII(t),VIII(t)
MATLAB Process

Maximum instantaneous
dielectric stress calculation

COMSOL Multiphysics Process

Capacitance matrix
calculation

Inductance matrix and losses
calculation

min F(x)
(sf)DS - Emax(k)=0
(sf)DS + εC Emax(k) (sf)DS + εC

NO

Live interface between
COMSOL Multiphysics and
MATLAB

YES

Frequency domain transient
voltage response calculation

Dielectric distances, x(k)
Maximum electric stresses, Emax(k)

Numerical Laplace Transform
(Time domain response
calculation)

Optimization algorithm
application (fmincon)

END

Dielectric distances, x(k)

Input voltages calculation

YES

NO
|(x(k)-xl)/xl| tol

x0(k+1)=x0(k)
xl+50%

x0(k+1)=x(k)
xl

Figure 2.1 Block diagram of the optimization procedure. Colored blocks indicate the main processes: Geometrical
Configuration and Parameter Computation (red), Computation of the Transient Voltage Response (green),
Calculation of the Maximum Electric Stresses (blue), Application of the Optimization Algorithm (orange) and
Iterative Procedure (Magenta).

The core inductance can be considered linear since the high frequency excitation yield
reduced magnetic flux density. Also, the flux penetration into the core can be neglected for
very fast transients considering that the core acts as a flux barrier at these high frequencies
[31], [32]. However, several reports indicate the importance of taking into account
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frequency-dependent iron losses to calculate the transient response of transformer windings
in the fast-transient range [33], [34].
Frequency dependence of both series and shunt elements of the windings at high
frequencies should be considered. Skin and proximity effects produced by eddy currents are
very important for predicting the damping during transients since the high frequency
resistance of the windings is larger by several orders of magnitude than its low frequency
value [35] -[36][37] [38].
At very high frequency, the conductance representing the capacitive loss in the
transformer winding dielectric also depends on frequency. The electric parameters of the
insulation material have an impact on both propagation and distribution of voltage along the
winding [39], [40].
Table 2.1 Modeling guidelines for transformers [29]

Parameter/
Effect
Short circuit
impedance
Saturation
Iron losses
Eddy currents
Capacitive
coupling

Low-Frequency
Transients

Slow-Front
Transients

Fast-Front
Transients

Very Fast-Front
Transients

Very important

Very important

Important

Negligible

Very Important
Important
Very Important

Important
Negligible
Important

Negligible
Negligible
Negligible

Negligible

Important

Negligible
Negligible
Negligible
Very
important

Very important

2.1.1. Capacitance
A 2D electrostatic field simulation is performed in COMSOL Multiphysics to calculate the
capacitance matrix per unit length (p.u.l.) of the HV winding, defined as 𝐂. The core walls and
the LV winding are defined as zero-potential boundaries and only the section of the coils
inside the core window is considered. The self and mutual capacitance elements of the matrix
are obtained by means of the electrostatic energy method [41], [42]:
11

𝐶𝑖,𝑖 =

𝐶𝑖,𝑗 =

2
𝑉𝑖 2

(2.1)

∫ 𝑊𝑒 𝑑𝑆
𝑆

𝑉𝑗
1
1 𝑉𝑖
∫ 𝑊𝑒 𝑑𝑆 − ( 𝐶𝑖,𝑖 + 𝐶𝑗,𝑗 )
𝑉𝑖 𝑉𝑗
2 𝑉𝑗
𝑉𝑖

(2.2)

𝑆

where 𝐶𝑖,𝑖 is the self capacitance of the i-th turn, 𝐶𝑗,𝑗 is the self capacitance of the j-th turn,
𝐶𝑖,𝑗 is the mutual capacitance between turns i and j, 𝑉𝑖 is the electric potential applied to the
i-th turn, 𝑉𝑗 is the electric potential applied to the j-th turn, 𝑊𝑒,𝑖 is the electrostatic energy
density due to the excitation of the i-th turn only, and 𝑊𝑒,𝑖𝑗 is the electrostatic energy density
due to the excitation of turns i and j at the same time.
The capacitance matrix is built as follows: the diagonal elements are given by the sum of
all the self and mutual capacitances of the corresponding turn, whereas the off-diagonal
elements represent the mutual capacitance between turns i and j. All the self elements are
positive, and all mutual elements are negative in the capacitance matrix:
𝐶1,1
−𝐶2,1
𝐂=
⋮
[−𝐶𝑛,1

−𝐶1,2
𝐶2,2
⋮
−𝐶𝑛,2

⋯
⋯
⋱
⋯

−𝐶1,𝑛
−𝐶2,𝑛
⋮
𝐶𝑛,𝑛 ]

(2.3)

where 𝑛 is winding total number of turns.
2.1.2. Inductance
It is considered that at very high frequencies the core acts as a magnetic flux barrier, so
that most of the flux follows paths in the air and/or dielectric regions. The geometrical
12

inductance matrix p.u.l., 𝐋𝑔 , is obtained in an indirect manner from the inverse of the free
space capacitance matrix 𝐂0 (considering a homogeneous medium) [43]:
𝐋𝑔 = 𝜇0 𝜀0 𝐂0−1

(2.4)

where 𝜇0 and 𝜀0 are the free space permeability and permittivity, respectively, and 𝐂0 is
calculated in a similar way to 𝐂, but substituting the space occupied by the dielectric
materials with free space [44].
2.1.3. Losses
The winding losses are represented by two components: internal conductor losses,
corresponding to skin effect and direct current (DC) losses, and proximity losses between
turns.
Skin effect losses occur when time-varying eddy currents are induced inside a conductor
by the time-varying magnetic field created by its own circulating current. Eddy currents
reinforce the circulating current in the region close to the conductor surface, and oppose the
circulating current inside of the conductor, producing a nonuniform current density. As the
frequency increases, the current density distribution becomes more nonuniform and the
losses increase [45].
Internal conductor losses p.u.l. due to skin effect, considering a rectangular cross section,
are calculated from the DC resistance 𝑅𝑑𝑐 and high-frequency impedance 𝑍ℎ𝑓 , as follows [43]:

𝑍𝑐 = √(𝑅𝑑𝑐 )2 + (𝑍ℎ𝑓 )
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2

(2.5)

with
ρ𝑐
,
𝑤ℎ

(2.6a)

ρ𝑐
,
2𝑝(𝑤 + ℎ)

(2.6b)

𝑅𝑑𝑐 =

𝑍ℎ𝑓 =

ρ𝑐 is the resistivity of the conductor material, 𝑤 and ℎ are the conductor width and height,
respectively, and 𝑝 is the complex penetration depth, defined as

𝑝=√

ρ𝑐
𝑗ωμ𝑐

(2.7)

where 𝜇𝑐 is the conductor permeability.
Proximity losses occur when the external time-varying magnetic field generated by the
current in one conductor induces a time-varying eddy current in a nearby conductor. This
effect causes a nonuniform current density in the cross-section of conductors, significantly
increasing the winding losses at high frequencies. In a multiple-layer transformer winding,
the amplitude of eddy currents due to proximity effect builds up substantially as the number
of layers grows. Therefore, the power loss due to the proximity effect is much higher than
the power loss due to skin effect [46].
According to [47], a proximity impedance can be defined as a function of the geometrical
inductance as follows:

𝐙𝑝𝑟𝑜𝑥 =

𝑗𝜔𝑝
𝐋
𝑑 𝑔

where 𝑑 is the dielectric distance between turns.
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(2.8)

2.2. Computation of the Transient Voltage Response
The electrical parameters of the HV winding are calculated as explained in Section 2.1
and introduced into a frequency domain distributed parameter model implemented in
MATLAB to compute the transient voltage response. The time domain solution is then
obtained by means of the numerical inverse of the Laplace transform. This process is
indicated by the green line block in Figure 2.1.
2.2.1. Frequency domain transformer winding model
Transformer models can be generally classified in two categories: black-box models and
grey-box models. Black-box models use system identification methods to determine the
parameters and to estimate the dynamic response of the transformer model based on
experimental time and/or frequency domain measurements [48], [49]. Since geometrical
data is not used for building these kinds of models, black-box models are used to evaluate
the interaction between the transformer and the network and for the insulation coordination
of power systems; moreover, they can only be developed after the transformer has been
constructed. Grey-box models describe the internal behavior of the transformer windings
whose parameters are calculated using geometrical data. These models are used to study the
resonance behavior and the distribution of dielectric stresses along transformer windings
and, therefore, are preferred for detailed design purposes [40] [50].
To study the internal voltage distribution in transformer windings, a grey-box model is
defined either by the ladder connection of lumped-parameter segments or by applying a
distributed-parameter representation of the per-unit-length equivalent circuit illustrated in
Figure 2.2, [29]. In this figure, L is the series inductance of the winding or the mutual
inductance between adjacent turns considered in the off-diagonal elements of (2.4), R is the
series resistance of the winding representing the internal conductor losses, 𝐶𝑠 is the series
or turn-to-turn capacitance of the winding calculated in (2.2), and 𝐶𝑔 is the capacitance to
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ground or turn-to-ground capacitance which, summed to the corresponding turn-to-turn
capacitances, provides the self capacitance of the turn represented by (2.1). In addition, 𝑅𝑠
and 𝑅𝑔 are dielectric loss components of 𝐶𝑠 and 𝐶𝑔 , respectively. The latter values quantify
the amount of dissipated electromagnetic energy in the insulation materials of the
transformer.

LΔz

RΔz

Cs/Δz

Rs/Δz

CgΔz

Rg/Δz

Δz
Figure 2.2 Per-unit-length equivalent circuit of a transformer winding [51].

Solution of lumped-parameter models can be obtained by means of electromagnetic
transient simulation tools, such as the well-known Electromagnetic Transient Program
(EMTP), or by using their corresponding state-space equations. Nonetheless, the validity of
these approaches is restricted to the adequate selection of each segment: for the analysis of
transients in the order of hundreds of kilohertz a segment per coil of the winding might be
enough, whereas for the analysis of transient phenomena in the order of megahertz one
segment per turn might be required. This can lead to the solution of systems with large
number of variables and, in consequentially, a very large computing time [29].
Simplified distributed-parameter models consider a transformer winding as a single
conductor represented by a single-phase transmission line model. However, this kind of
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representation cannot consider inductive coupling between turns, which is fundamental to
accurately compute transient voltages along the winding. This can be solved by considering
the winding as a multiconductor transmission line, as shown in Figure 2.3. In this model, first
proposed by Rabins [52] to compute the voltage distribution on a single-layer coil and
further developed by Guardado and Cornick [32] for its application on winding machines,
each conductor represents a turn of the winding. To preserve continuity, the end of each turn
is connected to the beginning of the next one by means of a large admittance 𝑌𝑐𝑜𝑛 , resulting
in a zigzag connection, [29]. The equivalent admittance 𝑌𝑒𝑞 connected at the receiving end of
the n-th conductor represents the remaining of the winding or the neutral admittance.

RF

I01

IL1

V01

Ycon

I02
VS

VL1
IL2

V02

Ycon

VL2

I03

IL3

V03

VL3

I0n

ILn

V0n

VLn
Yeq

Figure 2.3 Multiconductor transmission line model for the winding representation [29].

Distributed-parameter models are usually described in the frequency domain since the
inclusion of frequency-dependent parameters is accomplished in a more direct form that in
time domain, where convolutions and rational approximations are required. The
mathematical basis of this modeling approach is the set of telegraph equations that define
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the propagation of voltage and current along a transmission system. For a multiconductor
transmission system, these equations are defined in frequency domain as follows:

−

𝑑𝐕(𝑧, 𝑠)
= 𝐙𝐈(𝑧, 𝑠)
𝑑𝑧

(2.9)

−

𝑑𝐈(𝑧, 𝑠)
= 𝐘𝐕(𝑧, 𝑠)
𝑑𝑧

(2.10)

where 𝐙 and 𝐘 are the series impedance and shunt admittance of the system, 𝑠 is the Laplace
variable, and 𝐈(𝑧, 𝑠) and 𝐕(𝑧, 𝑠) are the currents and voltages at point 𝑧 of the system. A
two-port model representation is obtained by applying boundary conditions to the general
solution of these equations [53]:

[

𝐀 + 𝐘k
−(𝐁 + 𝐘c ) 𝐕𝟎 (𝑧, 𝑠)
𝐈𝟎 (𝑧, 𝑠)
]=[
][
]
𝑇
𝐈𝐋 (𝑧, 𝑠)
−(𝐁 + 𝐘c )
𝐀 + 𝐘m
𝐕𝐋 (𝑧, 𝑠)

(2.11)

where 𝐕𝟎 (𝑧, 𝑠), 𝐈𝟎 (𝑧, 𝑠), 𝐕𝐋 (𝑧, 𝑠) and 𝐈𝐋 (𝑧, 𝑠) are the vectors of voltages and currents at 𝑧 = 0
and 𝑧 = 𝐿, respectively, being L the length of the transmission system or, in the case of the
present work, the winding turns mean length. Also:

𝐀 = 𝐘0 coth(𝚿𝐿)

(2.12a)

𝐁 = 𝐘0 csch(𝚿𝐿)

(2.12b)

𝚿 = √𝐙𝐘

(2.12c)

𝐘0 = 𝐙 −1 𝚿

(2.12d)
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𝑌𝑠
0
𝐘k = ⋮
0
[0

0
𝑌𝑐𝑜𝑛
⋮
0
0

0
𝑌𝑐𝑜𝑛
𝐘c = 0
⋮
[ 0
𝑌𝑐𝑜𝑛
0
𝐘m = ⋮
0
[ 0

⋯
⋯
⋱
⋯
⋯

0
0
𝑌𝑐𝑜𝑛
⋮
0
0
𝑌𝑐𝑜𝑛
⋮
0
0

0
0
⋮
𝑌𝑐𝑜𝑛
0
⋯
⋯
⋯
⋱
⋯

⋯
⋯
⋱
⋯
⋯

0
0
⋮
0
𝑌𝑐𝑜𝑛 ]

(2.12e)

0
0
0
⋮
0]

(2.12f)

0
0
⋮
0
𝑌𝑒𝑞 ]

(2.12g)

0
0
0
⋮
𝑌𝑐𝑛
0
0
⋮
𝑌𝑐𝑜𝑛
0

where 𝚿 is the propagation constant and 𝐘0 is the characteristic admittance.
The size of the admittance matrix (2𝑛, 2𝑛) in (2.11) might become computationally
expensive as the number of turns of the transformer winding increases. To overcome this
issue the admittance representing the interconnection 𝑌𝑐𝑜𝑛 between turns is omitted and the
following conditions are applied:
𝐕0𝑖+1 = 𝐕L𝑖 ,
𝐈0𝑖+1 = −𝐈L𝑖 ,

𝑖 = 1, … , 𝑛 − 1

(2.13)

The resulting two-port model representation then becomes:

[𝐈𝐫 (𝑧, 𝑠)] = [𝐘r ][𝐕r (𝑧, 𝑠)]

(2.14)

where 𝐕r (𝑧, 𝑠) and 𝐈𝐫 (𝑧, 𝑠) are the reduced size vectors (𝑛 + 1) of voltages and currents.
Furthermore, the reduced size admittance matrix 𝐘r (𝑛 + 1, 𝑛 + 1) is given by:
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𝐘𝑎
𝑇
𝐘r = [𝐘𝑏
𝐘𝑐𝑇

𝐘𝑏
𝐘𝑑
𝐘𝑒𝑇

𝐘𝑐
𝐘𝑒 ]
𝐘𝑓

𝐘𝑎 = 𝐀1,1 + 𝑌𝑠

𝐘𝑏 = 𝐀1,(𝑗+1) − 𝐁1,𝑗 ,

𝑗 = 1, 2, … , 𝑛 − 1

(2.15b)

(2.15c)

(2.15d)

𝐘𝑐 = −𝐁1,𝑛

𝐘𝑑 = {

(2.15a)

𝐀 𝑖,𝑗 + 𝐀 𝑖+1,𝑗+1 − 2𝐁𝑖+1,𝑗 ,
𝑖=𝑗
, 𝑖, 𝑗 = 1, 2, … , 𝑛 − 1
𝐀 𝑖,𝑗 + 𝐀 𝑖+1,𝑗+1 − 𝐁𝑖,𝑗+1 − 𝐁𝑖+1,𝑗 , 𝑖 ≠ 𝑗

(2.15e)

𝐘𝑒 = 𝐀 𝑖,𝑛 − 𝐁𝑖+1,𝑛

(2.15f)

𝐘𝑓 = 𝐀 𝑛,𝑛 + 𝑌𝑒𝑞

(2.15g)

In (2.12a) and (2.15a), 𝑌𝑠 is the admittance connected at the beginning of the winding
and represents the admittance of the source 𝐕s . After solving (2.14) for 𝐕r (𝑧, 𝑠), the time
domain solution is calculated by means of the inverse Numerical Laplace Transform (NLT).
2.2.2. Numerical Laplace Transform
The numerical Laplace transform is a frequency domain method that has been
successfully applied to analyze electromagnetic transients in different elements of electrical
networks, such as underground cables, transmission lines, transformers and machine
windings [54], [55], [56], [57]. Due to its versatility and high accuracy it has been also used

20

as a reference solution for the development of new time domain methods and modeling tools
[58].
For a causal time-domain function 𝑓(𝑡), the inverse Laplace transform of 𝐹(𝑠) taking a
finite integration range [0, Ω] is given by

𝑓(𝑡) ≅

Ω
𝑒 𝑐𝑡
Re {∫ 𝐹(𝑠)𝑒 𝑗𝜔𝑡 𝑑𝜔}
𝜋
0

(2.16)

After including a window function 𝜎(𝜔) to reduce truncation errors (Gibbs oscillations),
and considering an odd frequency sampling with 𝑁 integration steps of 2∆𝜔 to avoid
singularities, the discrete form of (2.16) for its numerical computation over an observation
time 𝑇 can be expressed as follows:
𝑁−1

𝑒 𝑐𝑛∆𝑡
𝑓(𝑛∆𝑡) =
Re {∑ 𝐹𝑛 𝜎𝑛 𝑒 𝑗[(2𝑛+1)∆𝜔]𝑛∆𝑡 2∆𝜔}
𝜋

(2.17)

𝑛=1

where:

𝐹𝑛 = 𝐹[𝑐 + 𝑗(2𝑛 + 1)∆𝜔],

𝑛 = 0, 1, … , (𝑁 − 1)

𝜎𝑛 = 𝜎[(2𝑛 + 1)∆𝜔]

(2.18a)

(2.18b)

∆𝑡 =

𝑇
𝑁

(2.18c)

∆𝜔 =

𝜋
𝑇

(2.18d)
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(2.18e)

𝑐 = 2∆𝜔

The damping factor 𝑐 is included to minimize the aliasing errors produced by
discretization.

2.3. Calculation of the Maximum Electric Stresses
In this process indicated by blue line blocks in Figure 2.1, the nonlinear voltage
distribution along the turns is calculated from the transient voltage response produced by
the distributed parameter winding model described in the previous section.
Each colored line shown in Figure 2.4a represents the transient voltage response of a
turn of the winding against the observation time selected for the simulation. In addition, the
voltage excitation applied to the transformer and the voltage response at the end of the final
turn are included as reference.
The potentials at each time step 𝑘 are extracted from this simulation and used as
excitations for each turn of the winding in COMSOL, as shown in Figure 2.4b. It can be
observed from these plots how the electrical potential distribution changes at each time step
and therefore, the electric field distribution in the transformer changes too.
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(a)

(1.b)
(2.b)
(3.b)
Figure 2.4 Maximum Electric Stress Determination. (a) Transformer transient voltage response obtained from
MATLAB. (b) Transformer potential distribution calculated in COMSOL at (1) k = 9 (2) k = 960 and (3) k = 1824.
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The results obtained are compared and vectors containing the voltages at the times
when the absolute maximum overall instantaneous electric stress occur in the insulation
materials—between adjacent turns, 𝐕I (𝑡); between adjacent layers, 𝐕II (𝑡); and between HV
winding and LV winding/ground reference, 𝐕III (𝑡)—are obtained as follows:
T

|𝐄I,1 |
𝑣1 (𝑡𝑘 )
(𝑡)
⋮
𝐕I
= {[
] |𝑡𝑘 = argmax(𝐄I,𝑘 ), 𝐄I,𝑘 = [ ⋮ ] }
𝑘=1,…,𝐾
𝑣𝑛𝑡 (𝑡𝑘 )
|𝐄I,𝐾 |

(2.19a)

T

|𝐄II,1 |
𝑣1 (𝑡𝑘 )
𝐕II (𝑡) = {[ ⋮ ] |𝑡𝑘 = argmax(𝐄II,𝑘 ), 𝐄II,𝑘 = [ ⋮ ] }
𝑘=1,…,𝐾
𝑣𝑛𝑡 (𝑡𝑘 )
|𝐄II,𝐾 |

(2.19b)

T

|𝐄III,1 |
𝑣1 (𝑡𝑘 )
𝐕III (𝑡) = {[ ⋮ ] |𝑡𝑘 = argmax(𝐄III,𝑘 ), 𝐄III,𝑘 = [ ⋮ ] }
𝑘=1,…,𝐾
𝑣𝑛𝑡 (𝑡𝑘 )
|𝐄III,𝐾 |

(2.19c)

where 𝑛𝑡 is the total number of turns of the HV winding, 𝐾 is the number of time samples
from the transient response, and 𝐄I , 𝐄II and 𝐄III are the electric stresses evaluated at the
corresponding insulation regions. The purpose of these equations is to find the time sample
𝑘 at which the maximum electric field is obtained for every region and select the
corresponding voltage vectors from the transient response represented by colored vertical
lines in Figure 2.4a. Each vector is then used as the input voltage in one of three 2D
electrostatics simulations of the HV winding in COMSOL Multiphysics, as explained in Section
3.4.2. The values contained in each one of the vectors are not modified until a complete
iteration of the optimization procedure is completed.
The optimization algorithm fmincon will be executed if the maximum electric field
value in any of the insulation regions does not comply with the constraints and tolerances
given by
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(2.20)

(𝑠𝑓)𝐃𝐒 + 𝜀𝐶 ≥ 𝐄max (𝑘) ≥ (𝑠𝑓)𝐃𝐒 − 𝜀𝐶

where 𝐄max (𝑘) is the k-th iteration value of 𝐄max and 𝜀𝐶 is the tolerance of convergence
defined by the user.

2.4. Application of the Optimization Algorithm
Optimization is defined as the process of finding one or more solutions that minimize
the value of a function (objective or fitness function) subjected perhaps to some constraints.
In engineering applications this translates into minimizing the effort required or maximizing
the desired benefit in the design, construction and/or maintenance of a system [59].
A general optimization problem can be defined as follows:

min 𝐽(𝐱)

(2.21)

𝐠(𝐱) ≤ 0

(2.22a)

𝐡(𝐱) = 0

(2.22b)

𝐱𝑙 ≤ 𝐱 ≤ 𝐱𝑢

(2.22c)

𝑥

subject to

where 𝐽(𝐱) is the objective function; 𝐠(𝐱) and 𝐡(𝐱) represent the vectors of inequality and
equality constraints, respectively; and 𝐱 is the vector of variables to optimize over with
boundary constraints 𝐱 𝑙 and 𝐱 𝑢 . A set of variables that satisfies all the constraints is a feasible
solution [60].
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Numerous optimization methods have been proposed because of the “no free lunch
theorem”, since there is no single best algorithm to solve all such problems [61].
Optimization problems can be classified in several forms [59], [62]:
a. Unconstrained or constrained, if the objective function is subjected or not to
constraints;
b. Dynamic or static; when the design variables are dependent or independent of some
other parameter(s);
c. Linear or nonlinear, when the objective function and/or the constraints are linear or
nonlinear;
d. Integer or real-valued, when the design variables are restricted to take only integer
values or if they are permitted to take any real value;
e. Deterministic or stochastic, whether the same final solution is achieved or if different
solutions are obtained for different runs of the algorithm with the same initial points;
and,
f. Single or multiobjective, depending on the number of objective functions.
For the optimization procedure proposed in this work, a single-objective optimization
algorithm fmincon included in MATLAB is used. MATLAB is interfaced with COMSOL
Multiphysics to optimize the dimensions of the different regions in the insulation system of
the winding. The optimization goal is to minimize the dielectric distances while ensuring that
the electric stresses produced by the fast front excitation on the obtained geometry are lower
than the maximum value allowed for each insulation material.
The MATLAB algorithm fmincon is applied to the optimization problem due to its
capability to handle nonlinear functions. Although this algorithm might provide local
solutions, its successive application converged to adequate results for the test cases analyzed
in this work. Specifically, the optimization problem of this work is to minimize the objective
function
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min 𝐹(𝐱)

(2.23)

𝐹(𝐱) = 𝑛1 𝑥1 + 𝑥2 + 2𝑥3 + 𝑛2 𝑥4

(2.24)

𝐱𝑙 ≤ 𝐱 ≤ 𝐱𝑢

(2.25)

𝐱

where

subject to

and the nonlinear equality constraint
𝐄max (𝐱) − (𝑠𝑓)𝐃𝐒 = 𝟎

(2.26)

where (𝑛1 = 𝑛𝑙 + 𝑡𝑙) and (𝑛2 = 𝑙 – 1), 𝑛𝑙 is the number of layers of the HV winding, and 𝑡𝑙 is the
number of turns per layer; 𝐄max is the vector of maximum electric stresses supplied by
COMSOL Multiphysics; 𝐃𝐒 is the vector containing the values of maximum dielectric strength
of the insulation system multiplied by a safety margin (𝑠𝑓) defined by the user; and 𝐱, given
by 𝐱 = [𝑥1 , 𝑥2 , 𝑥3 , 𝑥4 ], is the vector of design variables that define the geometrical
configuration of the insulation system with lower boundary constraints 𝐱 𝑙 selected to avoid
overlapping of elements and open upper boundary constraints 𝐱 𝑢 .
Once all the necessary parameters are defined, the optimization algorithm start
searching for the dielectric distances that reduce the objective function while evaluating the
electric stresses produced inside the transformer by each vector of voltages, ensuring the
dielectric strength of the insulation materials is never surpassed. This is indicated by the
orange line block in Figure 2.1.
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2.5. Iterative Procedure
An iteration of the optimization process ends when either of the two following
conditions is met: 1) the maximum number of iterations or function evaluations is reached,
or 2) the algorithm finds a solution that satisfies the constraints within the specified
tolerances given by (2.26).
According to Figure 2.1, the transformer geometry is modified (red line block) according
to the new set of dielectric distances found (k-th iteration) and the transient voltage
response is recalculated using the associated parameters (green line block). Once the three
new vectors of voltage are calculated (blue line blocks), the maximum instantaneous electric
stresses are obtained in COMSOL Multiphysics and compared to the constraint values,
verifying that the maximum dielectric strengths of the insulation system materials and
tolerances given by (2.20) have not been violated, and deciding if a new iteration ((k+1)-th
iteration) is required.
To enhance the functionality of the optimization process, if after a certain iteration of
the optimization process (before the process ends), one or more design variables reach their
lower boundary values, the lower limits of the corresponding variables are decreased by 50
percent with respect to the previous value and the dielectric distances used as initial values
in the k-th iteration are used as starting points for the (k+1)-th iteration of the process.
However, if the lower boundary values are not reached for any of the variables, the limits are
preserved, and the distances achieved for the variables in the k-th iteration are used as the
starting point for the (k+1)-th iteration. This process is indicated by the magenta line block
depicted in Figure 2.1.
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3. TEST CASES
3.1. Geometrical Configuration
Cast resin transformers are commonly preferred over oil-filled transformers for
industrial and commercial medium-voltage applications because of their economic,
environmental, efficiency and safety advantages [44]. The cores of cast resin transformers
are very similar to those of oil-filled transformers, but the winding construction is
particularly different. HV and LV windings can be built using foils or rectangular conductors
and encapsulated in resin to provide them with protection from the environment. Aluminum
is preferred over copper for the winding conductors since its thermal expansion coefficient
is closer to that of the resin and thus, diminishes the possibility of surface cracking in the
material [63].
Three simplified cast-resin dry-type transformer geometries were considered in this
work to evaluate the effectiveness of the proposed optimization procedure. The geometries
were selected to approximate typical insulating materials and distances for a medium
voltage transformer on the order of 15 kV and 500 kVA. In all cases, the layer-type HV
winding is modeled considering each turn, while the LV winding is represented by a solid
conductive element since its optimization is not part of the design process. The first case
corresponds to a non-realistic two-layer winding, where each layer consists of 31 turns with
a cross sectional area of 4 mm x 4 mm, as illustrated in Figure 3.1. The core window height
(H) and width (W) are modified based on the distance between elements of the transformer
winding. The second case retains the same disposition of elements, but a third layer of
conductors is added to the HV winding. All geometrical specifications are listed in Table 3.1,
where the initial values for the design variables are indicated in parenthesis.
A third case emulates the characteristics of an actual transformer winding consisting of
1148 turns with a cross sectional area of 3.15 mm x 3.15 mm; 14 layers with 82 turns each.
The characteristics of the insulation system shown in Figure 3.1 are preserved, but the
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geometrical specifications and the initial values for the design variables are listed in Table
3.2.
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HV winding
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Figure 3.1 Geometrical configuration of the transformer: (a) Two-layer winding, (b) Three-layer winding
Table 3.1 Geometrical specifications of layer-type winding (Cases 1 and 2).
Design variables are indicated in parenthesis.

Parameter
Value
a. Insulation thickness between turns (𝑥1 )
2 mm
b. Insulation thickness between HV and LV winding (air) (𝑥2 )
20 mm
c. Insulation thickness between HV and LV winding (resin) (𝑥3 ) 1.5 mm
d. Insulation thickness between layers (𝑥4 )
3 mm
e. Air region
45 mm
f. Top/bottom resin thickness
25 mm
g. Conductor/turn thickness
4 mm
h. Distance from core to LV winding
3 mm
i. Distance from core to HV winding
62 mm
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3.2. Optimization Objective Function and Constraints
The objective function is defined by (2.24) for all cases and the nonlinear equality
constraints are defined as the maximum electric stresses in the insulation materials between
adjacent turns (Region I), between adjacent layers of conductors (Region II), and between
HV winding and LV winding/ground reference (Region III). These regions are illustrated in
Figure 3.2.
Table 3.2 Geometrical specifications of layer-type winding (Case3).
Design variables are indicated in parenthesis.

Parameter
Value
a. Insulation thickness between turns (𝑥1 )
0.8 mm
b. Insulation thickness between HV and LV winding (air) (𝑥2 )
4.03 mm
c. Insulation thickness between HV and LV winding (resin) (𝑥3 )
4 mm
d. Insulation thickness between layers (𝑥4 )
1 mm
e. Air region
75 mm
f. Top/bottom resin thickness
25 mm
g. Conductor/turn thickness
3.15 mm
h. Distance from core to LV winding
3.13 mm
i. Distance from core to HV winding
82 mm
The constraint values for each region are defined as follows: a) 40 MV/m (polyamide
30% glass reinforced) for Region I, b) 22 MV/m (epoxy resin; silica filled) for Region II, and
c) 3 MV/m (air) for Region III. These values of dielectric strength were selected to
approximate typical materials used for dry-type medium-voltage transformers. A safety
margin of 0.85 is established for all regions and a convergence tolerance 𝜀𝐶 of 0.06 is set to
test the optimization process, but they can be modified according to design requirements.
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(a)

(b)

(c)
Figure 3.2 Regions of evaluation of maximum dielectric stress: (a) Region I, (b) Region II, and (c) Region III

3.3. Excitation and Sampling
The transformer winding model is excited using a double ramp (unequal sawtooth)
signal, shown in Figure 3.3, with an amplitude of 60 kV, front time of 20 ns and a time to half
value of 100 µs. The voltage amplitude represents a typical Basic Insulation Level (BIL) of a
distribution transformer, and the fast rise-time of this excitation is intended to emulate the
switching characteristics of a modern power electronic-based converter. The excitation is
defined in the frequency domain [64] as:

𝐴(𝑠) =

𝛼1 𝛼2 −𝑠𝑡
− 𝑒 𝑓
𝑠2 𝑠2
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(3.1)

where:

𝛼1 =

2𝑡ℎ − 𝑡𝑓
𝐴0
, 𝛼2 =
𝐴0
𝑡𝑓
2𝑡𝑓 (𝑡ℎ − 𝑓 )

(3.2)

𝑡𝑓 is the front time, 𝑡ℎ is the time to half value, and 𝐴0 is the peak value of the waveform.

Figure 3.3 Excitation waveform parameters

To ensure that enough time samples are used to reproduce the rise time of such a fast-front
signal, values of 𝑁 = 2048 and 𝑇 = 5 µs were used as settings of the Numerical Inverse of the
Laplace Transform in (2.18a) for Cases 1 and 2. For Case 3, 𝑁 = 1024 and 𝑇 = 2.5 µs were
selected due to the larger physical dimensions of the transformer. To avoid increasing the
computational burden of the optimization procedure, the transient voltage response was
analyzed to select an observation time that provides enough information regarding the
overvoltages experienced by the winding. By reducing the observation time of the
simulation, a lower number of samples can be selected while still preserving the
reproducibility of the fast-front excitation.
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3.4. Finite Element Method Simulation Setup
Three different 2D Electrostatics simulations are performed in the FEM simulation
software COMSOL Multiphysics: capacitance matrix calculation, maximum electric stress
determination, and evaluation of maximum electric field for the optimization. For each of the
simulations, the selection of material properties, physics and meshing of the problem, which
may vary from case to case, are of great importance for the adequate performance of the
procedure.
3.4.1. Material properties
In all the simulated cases, the relative permittivity of the insulation materials 𝜀𝑟 is set as
indicated in Table 3.3.
Table 3.3 Relative permittivity of the insulation materials

Region
I
II
III
IV

Relative permittivity
𝜀𝑟
Polyamide 30%, glass reinforced
2.8
Epoxy resin, silica filled
3.6
Air
1.0
Air
1.0
Material

For the calculation of 𝐂0 in (2.3), the relative permittivity of the insulation materials is
substituted by that of free space, as indicated in Section 2.1.2.
3.4.2. Physics
The 2D electrostatics simulations assume the voltages at the LV winding and at the
ground reference to be zero to consider the worst-case scenario. However, different
boundary conditions for the HV winding are selected for each simulation:
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a. Capacitance matrices calculation:
For all cases, the conductor boundaries are considered as voltage terminals with an
electric potential of 1 V. The terminals are numbered according to the turns
disposition in the HV winding.
For Case 3 the size of the geometry presents an additional challenge for the
calculation of the capacitance matrices. The considerable number of turns of the HV
winding prevents from calculating each of the elements in the matrix due to the large
computational burden involved. For that reason, only a section of the transformer
winding was considered to approximate the values of the complete matrix. To select
the elements of significance when forming the matrices, the self capacitance
magnitudes of each turn were considered. Mutual capacitances with magnitudes at
least one thousand times lower than their corresponding self element values were
neglected, since the capacitive coupling between distant turns has a negligible effect
on the transient voltage response of the winding compared to the effect produced by
the capacitive coupling between nearby conductors. Information about the
capacitance elements considered for each conductor is specified by letters in Figure
3.4:
(a) Self capacitance (1), capacitance between consecutive turns (2), capacitance
between facing conductors in consecutive layers (2) and capacitance between
corner conductors in consecutive layers (4),
(b) Self capacitance (1), capacitance between consecutive turns (1), capacitance
between facing conductors in consecutive layers (2) and capacitance between
corner conductors in consecutive layers (2),
(c) Self capacitance (1), capacitance between consecutive turns (2), capacitance
between facing conductors in consecutive layers (1) and capacitance between
corner conductors in consecutive layers (2) and,
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(d) Self capacitance (1), capacitance between consecutive turns (1), capacitance
between facing conductors in consecutive layers (1) and capacitance between
corner conductors in consecutive layers (1).
Due to the proximity between conductors and the horizontal symmetry of the
winding, many elements share the same values of capacitances; this is indicated in
Figure 3.4 by the colors used to represent different turn groups.
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Figure 3.4 Capacitance configuration for Case 3. Letters indicate the capacitive elements of each turn. Colors
group turns with similar values of capacitance.
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b. Maximum electric stresses determination
For all cases the boundary values of the conductors are considered as voltage
terminals with a variable electric potential. The values of electric potential adopted
by the terminals correspond to the voltages at each time step of the transient
response, as indicated in Section 2.3.
c. Evaluation of maximum electric field for optimization
During the optimization procedure, the maximum electric stresses in the insulation
materials of the transformer are evaluated in three 2D Electrostatics simulations of
the HV winding with conductors defined as voltage terminals. The electric potential
values applied to the terminals for each simulation produce the absolute maximum
overall instantaneous electric stress in the transformer insulation system and are
calculated as indicated by (2.19a).
3.4.3. Meshing
To compute the solution, the FEM simulation software discretizes the geometry in small
units called mesh elements. The size of these elements is vital for the balance between
accuracy and speed of the computation. As the meshing of the geometry becomes extremely
fine, the results obtained become closer to the exact solution; however, this might derive on
a prohibitive amount of computational resources and time to perform the simulation.
For all cases and simulations, three different maximum element sizes were defined for
the evaluation regions depicted in Figure 3.2. These values are based on the geometrical
dimensions of the transformer that ensure that enough elements are used for the FEM
computation:
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For Region I:
size = a⁄4

(3.3)

size = c⁄4

(3.4)

size = b⁄4

(3.5)

For Region II:

For Region III

where a, b and c are the design variables indicated in Table 3.1 and Table 3.2.
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4. RESULTS AND ANALYSIS
In this section, a comparison between the performance of the initial and optimized
winding configurations is presented for the three cases. The results under comparison
correspond to the transient voltage distribution along the winding at the time when the
maximum voltage occurs, and a close-up of the regions where the maximum dielectric
stresses are located.

4.1. Case 1: Two-layer Winding
Figure 4.1 shows the comparison of the transient potential distribution curves (initial
versus optimized configuration) for the two-layer transformer winding. A close-up of the
regions of maximum dielectric stress for the initial and optimized geometrical configuration
can be observed in Figure 4.2 and Figure 4.3, respectively. The dielectric distances between
elements in the three regions are listed in Table 4.1.

Figure 4.1 Comparison of the transient voltage distribution at the time of maximum voltage (Case 1)
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In Figure 4.1, the transient voltage distribution curve for the optimized geometry
presents significantly lower overvoltages and less oscillatory behavior than the initial
geometry, indicating a reduction in both the voltage stress and dielectric stress experienced
by the insulation system, given that the oscillations in the voltage distribution along the
winding are related to larger potential difference between turns, and thus larger dielectric
stress.

max: 3.52864E7 V/m

I

III

I

II

max: 1.75121E7 V/m

II

max: 4.32778E6 V/m

III

Figure 4.2 Close-up to the regions of maximum dielectric stress for the initial geometry (Case 1)
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Table 4.1 Results (Case 1)

Distance [mm]

Geometry

Maximum dielectric stress [MV/m]

a

b

c

d

Region I

Region II

Region IIII

2

20

1.5

3

35.2864

17.5120

4.3277

Optimized 0.9425 41.8748 5.8834 4.2934 32.0498

17.8963

2.6791

Initial

max: 3.20499E7 V/m

I

I

II

II
max: 1.78964E7 V/m

III

III

max: 2.67913E6 V/m
Figure 4.3 Close-up to the regions of maximum dielectric stress for the optimized geometry (Case 1)
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According to the results from Table 4.1 and Figure 4.2, the initial transformer
configuration for the two-layer winding has dielectric distances that result in stresses that
can be significantly higher than the dielectric distances of the material for Regions I and III.
This constitutes a high risk of dielectric breakdown once in operation under a fast front
excitation. After the application of the optimization procedure, the distances between
elements are increased or decreased since the optimization process ensures that the values
of dielectric strength for the insulation materials located in each region are not surpassed.
The information presented in Table 4.1 provides a direct comparison between design
variables for the initial and optimized geometries; however, to evaluate the overall
dimensions of both designs, Table 4.2 presents a quantitative comparison of dielectric
distances for Case 1. It can be noticed that when the objective function 𝐹(𝐱) in (2.24) is
evaluated for both designs, there is a net decrease of 3.32%.
Table 4.2 Comparison of dielectric distances (Case 1)

Distance [mm]
Geometry 𝒏𝟏 𝒏𝟐

a

b

c

d

(𝒙𝟏 ) (𝒙𝟐 ) (𝒙𝟑 ) (𝒙𝟒 )
Initial
Optmized

33 1

2

20

1.5

3

𝑭(𝐱) Difference Difference
[mm]
92

0.94 41.87 5.88 4.29 88.94

[mm]

[%]

3.06

-3.32

The safety margin in (2.26) modifies the value of the constraint function; as the margin
is closer to unity, the optimization process will attempt to find distances that result in an
electric field near the maximum dielectric strength of the materials. It also affects the size of
the transformer winding, since a safety margin closer to unity is more prone to produce
smaller dielectric distances. Therefore, it is desirable to avoid a unity safety margin to
prevent obtaining a design working at the breakdown limit.
To illustrate this, Table 4.3 shows a comparison of the dielectric distances and electric
fields obtained for two additional safety factors for the optimized configuration; the
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simulations preserved the value of convergence tolerance and the initial configuration
values for the design variables. The electric field results in all cases demonstrate the
optimization process capability to obtain insulation system configurations that comply with
the dielectric strength of materials. A change in the safety margin value will also have an
impact in the overall size of the insulation system; Table 4.4 provides a comparison of the
overall dimensions of the insulation system for different safety margins against the initial
configuration for Case 1.
Table 4.3 Results (Case 1) for different safety margin values

Safety margin

Distance [mm]
a

b

c

Maximum dielectric stress [MV/m]
d

Region I

Region II

Region IIII

0.9

0.9784 38.8406 5.4256 3.8928 34.2802

19.1226

2.7435

0.85

0.9425 41.8748 5.8834 4.2934 32.0498

17.8963

2.6791

0.8

1.0906 52.9987 9.2882 4.1618 31.9378

17.5681

2.5419

Table 4.4 Comparison of dielectric distances (Case 1) for different safety margin values

Safety
margin

Distance [mm]
𝒏𝟏 𝒏𝟐

a

b

c

d

(𝒙𝟏 ) (𝒙𝟐 ) (𝒙𝟑 ) (𝒙𝟒 )

0.9

0.98 38.84 5.43 3.89

0.85

33 1 0.94 41.87 5.88 4.29

0.8

1.09
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𝑭(𝐱)

𝑭(𝐱)

Initial

Final

[mm]

[mm]

92

9.29 4.16

Difference

Difference

[mm]

[%]

85.93

6.07

-6.59

88.94

3.06

-3.32

111.71

19.71

+21.42

4.2. Case 2: Three-layer Winding
Figure 4.4 presents a comparison of the transient potential distribution curves for the
three-layer transformer winding. A close-up of the regions of maximum dielectric stress for
the initial and optimized geometrical configuration can be observed in Figure 4.5 and Figure
4.6, respectively. The dielectric distances between elements in the three regions are listed in
Table 4.5.
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Figure 4.4 Comparison of the transient voltage distribution at the time of maximum voltage (Case 2)

In this case, the reduction of the oscillatory behavior of the transient voltage distribution
curve for the optimized geometry with respect to the initial geometry is less noticeable;
nevertheless, the curve presents lower overvoltages for all the turns, indicating a reduction
in both the voltage stress and the dielectric stress experienced by the insulation materials.
As indicated in Table 4.5 and Figure 4.5, and similarly to Case 1, the initial transformer
configuration for the three-layer winding has dielectric distances that result in an electric
stress value for Region III that is higher than the dielectric strength of the insulation material.
On the contrary, for Regions I and II the values of electric stress are considerably lower,
which can result in over-dimensioning of the dielectric distances between elements.
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max: 2.86146E7 V/m

I
I

III

II

max: 1.25377E7 V/m

II

max: 3.76477E6 V/m

III

Figure 4.5 Close-up to the regions of maximum dielectric stress for the initial geometry (Case 2)
Table 4.5 Results (Case 2)

Geometry

Distance [mm]

Maximum dielectric stress [MV/m]

a

b

c

d

Region I

Region II

Region IIII

2

20

1.5

3

28.6145

12.5377

3.7648

Optimized 0.7091 46.4653 4.2308 2.7892 33.5706

18.2669

2.6315

Initial
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max: 3.20499E7 V/m

I

III

II
max: 1.78964E7 V/m

II
I
III

max: 2.67913E6 V/m
Figure 4.6 Close-up to the regions of maximum dielectric stress for the optimized geometry (Case 2)

Table 4.6 present a quantitative comparison of dielectric distances for Case 2. A more
significant overall reduction of 12.73% compared to Case 1 is obtained when the objective
function 𝐹(𝐱) is evaluated for both designs.
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Table 4.6 Comparison of dielectric distances (Case 2)

Distance [mm]
Geometry 𝒏𝟏 𝒏𝟐

a

b

c

d

(𝒙𝟏 ) (𝒙𝟐 ) (𝒙𝟑 ) (𝒙𝟒 )
Initial
Optmized

34 2

2

20

1.5

3

𝐹(𝐱) Difference Difference
[mm]
97

0.71 46.47 4.23 2.79 84.65

[mm]

[%]

12.35

-12.73

4.3. Case 3: Fourteen-layer transformer
In a similar manner, Figure 4.7 depicts the comparison of the potential distribution
curves for the fourteen-layer transformer winding. The close-up of the regions of maximum
electric stress in the insulation system for the initial and optimized geometrical
configuration is illustrated in Figure 4.8 and Figure 4.9, respectively. The initial dielectric
distances were selected based on the transformer presented in [65] with the purpose of
demonstrating the adaptability of the optimization process; these, as well as the dielectric
distances obtained after completion of the optimization procedure are listed in Table 4.8.
Contrary to the previous cases, the overvoltage values and the oscillations for the
transient distribution curve of the optimized geometry presented in Figure 4.7, remain
almost unchanged; nevertheless, several of the voltage values along the optimized winding
are lower than the voltages of the initial winding which is can be translated into reduced
electric stresses in the insulation materials of the transformer.
The information presented in
Table 4.7 along with the values shown in Figure 4.8, indicate that for the fourteen-layer
winding, the initial configuration have dielectric distances that result in electric stresses that
in all regions are significantly higher than the dielectric strength of the insulation materials.
In accordance to the previous cases, this would result on a high risk of dielectric breakdown
once in operation.
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Figure 4.7 Comparison of the transient voltage distribution at the time of maximum voltage (Case 3)

The quantitative comparison in Table 4.8 of the total distance for Case 3 show an
increase of 29.14% for the optimized geometrical configuration with respect to the initial
configuration, which means that the initial distances selected for this problem were not large
enough to satisfy the electric stress values established as constraints. Therefore, the initial
design (before optimization) would most likely experience premature damage or failure due
to the type of fast-front excitation applied to the transformer winding. In contrast, the
optimized design includes the minimal insulation distances that ensure withstanding the
dielectric stress produced by the excitation applied.
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max: 3.58402E7 V/m
II

I

III
I

max: 1.97297E7 V/m

II

III
max: 2.60808E6 V/m

Figure 4.8 Close-up to the regions of maximum dielectric stress for the initial geometry (Case 3)
Table 4.7 Results (Case 3)

Geometry

Distance [mm]

Maximum dielectric stress [MV/m]

a

b

c

d

Region I

Region II

Region IIII

0.8

4.03

4

1

40.2863

22.4585

3.0024

Optimized 0.6738 34.2818 5.2084 1.7346 35.8402

19.7296

2.6081

Initial
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max: 4.02864E7 V/m

II

I

III
I

max: 2.24585E7 V/m

II

max: 3.00242E6 V/m

III

Figure 4.9 Close-up to the regions of maximum dielectric stress for the optimized geometry (Case 3)

It is important to notice that although the initial dielectric distances are different for this
case, the optimization algorithm provides results that satisfy the constraints given by the
dielectric strength of the insulation materials. This demonstrates the capability of the
process to obtain an optimized design of the insulation system for several geometrical
configurations.
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Table 4.8 Comparison of dielectric distances (Case 3)

Distance [mm]
Geometry 𝒏𝟏 𝒏𝟐

a

b

c

d

(𝒙𝟏 ) (𝒙𝟐 ) (𝒙𝟑 ) (𝒙𝟒 )
Initial
Optmized

96 13

0.8 4.03

4

1

𝐹(𝐱) Difference Difference
[mm]
101.83

0.67 34.28 5.21 1.73 131.51
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[mm]

[%]

29.68

+29.14

5. CONCLUSIONS AND FUTURE WORK
5.1. Conclusions
This work demonstrates the effectiveness of a procedure to find an optimized
geometrical configuration of the HV winding of a transformer when subjected to a fast front
voltage excitation. The procedure consists of the synergistic interaction between the Finite
Element Method to calculate the parameters of the transformer winding, a frequencydomain distributed-parameter winding model to determine the transient voltage response
generated by fast voltage pulses, and MATLAB fmincon single-objective optimization
algorithm to estimate the optimal geometrical configuration of the insulation system of the
transformer.
The validity of the proposed procedure is assessed by means of three test cases
corresponding to dry-type medium voltage transformers excited by fast-front pulses
emulating those used in modern power electronic converters. In all cases, the design
optimization process resulted in an increase or decrease of dielectric distances for different
insulation regions. Overall, the values obtained demonstrate a substantial reduction in the
dielectric distances of the transformers: 3.32% and 12.73% for cases 1 and 2, respectively;
which might be reflected in the reduction of the size and manufacturing costs for each
transformer. Although for case 3 there is an increase in the dielectric distances of 29.14%,
this means that the initial geometrical configuration contained dielectric distances that were
insufficient to comply with the electric stress values defined as constraints and the
transformer would have likely experienced premature damage due to the application of a
fast-front excitation. Moreover, it is important to remark that the procedure is capable to
obtain optimized geometrical configurations regardless of the initial dielectric distances
given to the problem which demonstrates its versatility.
Finally, the electric stresses experienced by different regions of the insulation system of
the transformer are reduced as indicated by the potential distribution plots and, most
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importantly, its value never surpasses the dielectric strength of the insulation material,
which minimizes the probability of failure once in operation.

5.2. Contributions
This dissertation contributes:
1. A novel procedure for insulation design optimization of transformer windings. The
method calculates the voltage propagation along the winding using a
frequency-domain distributed-parameter representation based on multiconductor
transmission line theory. The winding model used is valid up to frequencies in the
order of MHz and has been experimentally validated [53]. This not only provides an
accurate calculation of the transient response produced by the fast-front excitation
applied to the transformer, but it also facilitates the inclusion of frequency
dependent parameters, i.e., skin and proximity effects.
2. The frequency-domain distributed-parameter transformer model used in this work
is a reduced version of the traditional two-port model representation used in
multiconductor transmission line theory. The reduction is a result of omitting the
admittances included to preserve the continuity between turns, thus compacting the
nodes. This lessens the computational burden for the calculation of the transient
voltage response of the winding, especially as the number of turns increases.
3. Voltages at each instant of time are used as inputs in a 2D Finite Element Method
(FEM) simulation of the winding using COMSOL Multiphysics software to evaluate
the maximum instantaneous electrical stresses in each insulation region inside the
transformer. This ensures that the electric field values used as references for the
optimization procedure are, in fact, the maximum possible values to obtain for the
geometrical configuration under analysis.
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4. The optimization process interfaces MATLAB algorithm fmincon with a FEM
simulation to reduce the dielectric distances in the insulation system of the winding
while complying with the dielectric strength of the insulation materials. This
enhances the accuracy of the calculations by not relying on simplified or empiric
formulas for the calculation of parameters and the distribution of electric field inside
the transformer. Furthermore, the interaction provides a greater control over the
parameters of the simulation, the initial geometrical configurations, and the
constraints of the optimization problem.
Publications:
▪

J. M. Villanueva-Ramírez, P. Gómez, R. T. Meyer, “Optimized Dielectric Design of
Transformer Windings under Fast-Front Voltage Pulses from Power Electronic
Converters”. ELSEVIER International Journal of Electrical Power and Energy Systems,
vol. 129, July 2021 [66].

▪

G. Bilal, P. Gómez, R. Salcedo, J. M. Villanueva-Ramírez, “Electromagnetic Transient
Studies of Large Distribution Systems using Frequency Domain Modeling Methods
and Network Reduction Techniques”. ELSEVIER International Journal of Electrical
Power and Energy Systems, vol. 110, pp. 11-20, September 2019 [67].

▪

J. M. Villanueva-Ramírez, P. Gómez, Fermín P. Espino-Cortés. “Dielectric Design
Optimization of Transformer Windings under Fast Front Excitation”. International
Conference on Power Systems Transients (IPST), Perpignan, France, June 2019 [68].

▪

G. Bilal, J. M. Villanueva-Ramírez, P. Gómez. “Frequency Domain Transformer
Model for Electromagnetic Transient Analysis in Networks”. Forty-Ninth North
American Power Symposium (NAPS), Morgantown, WV, USA, September 2017 [69].
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▪

G. Bilal, J. M. Villanueva-Ramírez, M. K. Hussain, P. Gómez. “Network Reduction for
Frequency Domain Transient Analysis of Power Components”. IEEE International
Conference on Electro Information Technology (EIT), Lincoln, NE, USA, May 2017 [70].

5.3. Future Work
The present work might be further expanded in the following research directions:
▪

A multiphysics approach that includes not only dielectric, but also mechanical,
thermal and magnetic aspects of the transformer, and their interaction, can be
considered to define a complete design optimization procedure and estimate a
potential reduction in weight and manufacturing costs.

▪

The calculation of maximum electric stresses in the insulation regions of the
transformer, as well as the calculation of transient voltage response of the
winding, are computationally expensive processes of the optimization algorithm.
The inclusion of distributed computational resources can help to reduce the
computational burden of the optimization procedure.

▪

Extending the capabilities of the optimization procedure to consider other types
of transformer winding configurations, including high frequency transformers.
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